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Introduction
Polymeric nanocomposites (NC) are materials that contain dispersed nanometer-size particles in a single or multi-component polymeric matrix. The nano-particles can be lamellar, ®brillar, tubular, shell-like, spherical, etc. To ascertain good dispersion in a hydrophobic melt, they are usually reacted with organic compounds, e.g., sodium montmorillonite (Na-MMT) with an onium salt, forming organoclay.
The majority of commercial NC contain 2±10 wt% of organoclay. NCs have been prepared with virtually all commodity and engineering, thermoplastic and thermo-set resins (Utracki and Kamal 2002) . However, from the long list, the historically ®rst and commercially the most important are NCs based on polyamides, especially on poly-e-caprolactam (PA-6). It has been reported (Ube Industries 2000) that addition of as little as 2 wt% of organoclay (in relation to PA) increases the density by less than 1%, tensile and¯exural modulus by 70 and 130%, respectively, HDT by 70°C, and reduces oxygen and moisture permeability by 50%,¯ammability by 70%, etc. The NCs are being used in the transport, packaging, and aerospace industries (Dagani 1999) .
From the fundamental point of view, the reinforcing eect of nano-particles is related to the aspect ratio, p Rheol Acta (2002) 
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Abstract The dynamic¯ow behavior of polyamide-6 (PA-6) and a nanocomposite (PNC) based on it was studied. The latter resin contained 2 wt% of organoclay. The two materials were blended in proportions of 0, 25, 50, 75, and 100 wt% PNC. The dynamic shear rheological properties of well-dried specimens were measured under N 2 at T 240°C, frequency x 0.1± 100 rad/s, and strains c 10 and 40%. At constant T, c, and x the time sweeps resulted in signi®cant increases of the shear moduli. The c and x scans showed a complex rheological behavior of all clay-containing specimens. At c 10% the linear viscoelasticity was observed for all compositions only at x>1 rad/s, while at c 40% only for 0 and 25 wt% of PNC. However, the eect was moderate, namely decreasing G¢ and G¢¢ (at x 6.28 rad/s; c 50%) by 15 and 7.5%, respectively. For compositions containing >25 wt% PNC two types of non-linearity were detected. At x £ x c 1.4 0.2 rad/s yield stress provided evidence of a 3-D structure. At x > x c ,G ¢ and G¢¢ were sensitive to shear history ± the eect was reversible. From the frequency scans at x > x c the zero-shear relative viscosity vs concentration plot was constructed. The initial slope gave the intrinsic viscosity from which the aspect ratio of organoclay particles, p 287 9 was calculated, in agreement with (ratio of ®ber length or platelet thickness to its diameter), and to the particle-matrix interactions. Independent of the actual dimension, for p ³ 5p c the reinforcing eect is the same as of an in®nitely large particle, increasing the strength of the composite to that of the platelet strength. The critical value of the aspect ratio, p c , is given by the ratio of the tensile strength to the interfacial shear strength ± for most polymeric composites p c @ 100 (Piggott 1980) . The available organoclays have p @ 10±2000. Evidently, the importance of p depends very much on the source (mineral or synthetic), method of preparation, and that of processing. High p-values are crucial for the NC that is to be used to reduce permeability, as well as for generation of anisotropic mechanical performance, but less so for, e.g., reduction of¯ammability (Gilman et al. 2000) .
Preparation of organoclays for the use in polymers is a laborious and exacting process that starts with the puri®cation of the ore, grinding, ion exchange, then intercalation and drying (Knudson and Jones 1992; Clarey et al. 2000) . Thus the organoclay price is relatively high, namely for mineral and synthetic, respectively, 1.6 and 2.3 US$/kg to be compared with 2.9 US$/kg for PA-6 (all mid-2001 prices) .
The technology of NC that is an object of this paper (abbreviated as PNC) has been described in several patents and articles from the Toyota Research Corporation (now Toyota Central R & D Labs.) and Ube Industries (namely Okada et al. 1988; Deguchi et al. 1992; Okada and Usuki 1995) . To produce PNC, ®rst Na-MMT was intercalated with 12-aminolauric acid in an aqueous medium, which increased the interlayer spacing from d 001 0.96 nm (dry Na-MMT) to 1.3 nm. Next, the organoclay was dispersed in the monomer and polymerized ± during the polymerization d 001 increased to about 7 nm. The ®nal exfoliation of clay platelets takes place during processing.
Because of its small thickness and large p, the exfoliated clay has the speci®c surface area of about 750±800 m 2 /g. This high value is responsible for the large eects clay has on the NC performance. It has been postulated that the optimal nanocomposite structure consist of disordered, exfoliated clay platelets dispersed in a polymeric matrix. However, as the aspect ratio increases, the encompassed volume of the platelet increases with the cube of its diameter. Thus, platelets with high aspect ratio are characterized by a low value of the maximum packing volume fraction, / m,plate (3/ 2p)/ m,sphere @ 1/p, above which they are unable to rotate freely, and locally have to orient parallel to each other (Utracki 1995) . In consequence, as Okada and Usuki (1995) showed, the interlayer spacing hyperbolically decreases with increasing clay content (from 22 nm at 5 wt% to 5 nm at 25 wt% of clay).
The¯ow of PNC is sensitive to the dispersed particle size, shape, and surface characteristics as well as to the transient geometrical structure and complex interactions that involve the matrix polymer, clay, and a compatibilizer. Thus, rheology complements the traditional methods of NC characterization, such as X-ray diraction (XRD), transmission electron microscopy (TEM), permeability, or mechanical testing.
Few rheological studies on NCs have been published. Krishnamoorti et al. (1996) reported on the dynamic and steady-state¯ow of polydimethylsiloxane (PDMS) containing up to 15 wt% layered silicate. Linear increase of the zero-shear viscosity (g o ) with silicate loading was observed, but at high rates of deformation the matrix viscosity was nearly recovered. Surprisingly, exfoliation reduced the enhancement of g o . The authors also tested PA-6 with organoclay (PNC). This preliminary work was expanded in the following publication that considered behavior of PNC containing 2 and 5 wt% of organoclay and NC of poly-e-caprolactone with up to 10 wt% of organoclay (Krishnamoorti and Giannelis 1997) . Since these systems were obtained by intercalation followed by polymerization that engendered a direct bonding between MMT surface and macromolecules, the authors labeled them as``end-tethered polymer layered silicate nanocomposites''. The G¢ and G¢¢ moduli were found to increase with clay loading. Their powerlaw dependence in the terminal zone was dierent from that observed for homopolymers. At low frequencies the rheological response of samples containing high level of clay showed almost a solid-like response.
It is to be expected that the rheological behavior of the end-tethered systems will somehow dier from that in others where such direct bonding is missing. Thus, Homann et al. (2000a) showed that tethering has a dramatic eect on the degree of dispersion and rheology. Two types of polystyrene-based nanocomposites were prepared. In the ®rst the clay was intercalated with phenyl ethyl amine, while in the second with amineterminated PS. In the ®rst system clay was intercalated, in the second it was exfoliated. A plot of G¢ vs reduced frequency (xa T ) showed that neat PS and PS containing intercalated clay nearly superposed one on top of the other, whereas the exfoliated nanocomposite showed a large increase of G¢ (especially at low x), indicating a network formation.
In the following publication (Homann et al. 2000b ) melt¯ow behavior of NC based on polyamide-12 was studied. Two types of clay were used: synthetic¯uoromica and mineral MMT. The clay was intercalated using either protonated amino dodecanoic acid (ADA) or water, then dispersed in ADA, which in turn was polymerized. The use of ADA-intercalated clay resulted in formation of end-tethered structure, with exfoliated silicate layers chemically bonded to the matrix. By contrast, the use of water as a swelling agent resulted in nanocomposites comprising exfoliated silicate layers well dispersed in the polymer matrix, but without attached polymer chains. A stress-controlled rheometer was used in the dynamic mode with parallel plate geometry at frequency x 1±25 rad/s. The data were collected within the linear viscoelastic region. The rheological behavior of the NCs diered from that of neat PA-12 matrix. The presence of a super-structure was deduced from the low frequency behavior. For PNCs with polymer molecules not bonded to the clay surface the¯ow mainly depended on the matrix with only a minor in¯uence of clay (at least up to 4 wt% loading). Tethering enhanced G¢ and G¢¢ by one and by one-half decade, respectively. Schmidt et al. (2000) studied shear orientation of polymer-clay solutions during Couette¯ow, probed by birefringence and SANS. Thus, 3 wt% of synthetic hectorite (platelets: d 30 nm and h @ 1 nm) was dispersed in aqueous solution of 2 wt% polyethylene glycol (PEG, M w 10 3 kg/mol) at pH 10 and an NaCl concentration of 10 )3 mol/l. To account for the SANS and birefringence results, the authors postulated that the polymer chains are adsorbed onto the clay particles. The birefringence indicated a mechanical coupling between clay platelets and polymer; at low rates of shear, _ c < _ c critical 9 30s À1 its value was dominated by clay platelets, but at high by polymer chains stretched in thē ow direction. SANS data indicated that at _ c > _ c critical the¯ow is strong enough to induce orientation. The clay platelets (within aggregates, having diameter d 32± 233 nm) were oriented in the¯ow direction with the surface normal in the neutral (not radial) direction.
Linear viscoelastic¯ow of NCs based on polystyrenepolyisoprene diblock copolymer was studied by Ren et al. (2000) . MMT was intercalated with dimethyldioctadecyl-ammonium. At >6.7 wt% of organoclay the low frequency data showed a pseudo-solid-like behavior, similar to that observed for exfoliated endtethered nanocomposites. The behavior was attributed to the presence of anisotropic stacks of clay platelets, each stack randomly oriented vis-aÁ -vis another, and forming a percolated 3-D network that was incapable of fully relaxing. The large-amplitude oscillatory shear was able to orient these structures and increase their liquidlike character. Solomon et al. (2001) reported on the linear and nonlinear rheology of polypropylene (PP) based NCs with intercalated MMT (interlayer spacing 2.9 nm) The Na-MMT was ®rst intercalated with several ammonium salts (interlayer spacing increased from 1.1 to 2.1 nm). The NCs were prepared in an internal mixer by melt compounding with 1.3±6.2% intercalated-MMT and maleic anhydride grafted-PP (MA-PP) (3 parts per 1 part of organoclay). Addition of clay signi®cant increased G¢ and G¢¢. To study the viscoelastic nonlinearity the steady-state shear¯ow reversal was conducted. First, a PNC specimen was sheared for 300 s at the rate of shear _ c 0:1 s À1 recording the value of the shear stress (r 12 ), then the¯ow was stopped for a time, t rest , and the specimen was re-sheared at the same rate of shear, but in the opposite direction. Characteristically the magnitude of the stress overshoot (r max ) increased with t rest . The master curve was constructed plotting r max =r I À 1=cv st rest (where r I is the value of r 12 at long time and c is MMT loading). The authors concluded that an anisometric structure is responsible for the non-linear¯ow behavior. Galgali et al. (2001) investigated creep behavior of melt intercalated NC of PP with organoclay and MA-PP. The latter was added at a ratio of either 0:1 or 1:1 in respect to organoclay. The NCs were characterized by TEM and wide-angle X-ray diraction (WAXD) at T 200°C. The creep compliance at shear stresses, r 12 10 and 50 Pa was signi®cantly lower for NCs containing MA-PP, and the eect increased with annealing. TEM and WAXD showed the presence of clay aggregates dispersed within the polymer matrix and a small amount of exfoliated platelets. The zero shear viscosity (g o ) strongly depended on clay content. The g o of compatibilized NCs containing ³3 wt% clay was at least three orders of magnitude higher than that of matrix resin and the uncompatibilized NC. Importantly, the large increase of g o was not accompanied by any increase in the¯ow activation energy compared to the matrix polymer. The compatibilized NC also showed an apparent yield stress. This solid-like response of molten NC apparently originates not from macromolecules entrapped between clay platelets, but rather from the frictional interactions of clay aggregates. The addition of MA-PP did not signi®cantly aect WAXD spectra, but had a signi®cant in¯uence on rheology. Its presence increased the probability of 3-D formation (the solidlike rheological response) to the level similar to that observed for the end-tethered chains. The responsible mechanism was not identi®ed ± it may be that the MA-PP enhanced exfoliation of clay platelets, but it could also form a third phase inside NC that formed a percolating 3-D network. Even in face of the WAXD results, the authors clearly prefer the ®rst possibility ± they postulated that clay platelets exfoliated upon addition of MA-PP to form bridges between the aggregates forming a 3-D percolating network. The creep was found sensitive to the microstructural changes occurring in the nanocomposite.
Recently Okamoto et al. (2001) studied the exten-sional¯ow behavior of polypropylene (PP)/clay NC containing 0.2 wt % MA-PP and 4 wt% MMT intercalated with stearyl ammonium ion via melt extrusion at 200°C. TEM showed ®ne dispersion of the silicate stacks ca 150 nm long and about 5 nm thick, while according to XRD the interlayer spacing was only d 001 @ 2.79 nm. For the study the rotating clamps, Meissner-type elongational RME rheometer was used at 150°C at Hencky strain rates _ e 0:001 À 1:0s À1 . The linear viscoelastic envelope of the stress growth function in elongation was about tenfold higher than that computed from shear ow. Furthermore, a strong strain hardening (SH) was observed. The former type of behavior is expected from the multiphase systems with yield stress; however the second is contrary to expectation ± strain softening has been reported for composites (Takahashi 1996) . Furthermore, unlike single-phase polymer melts, the low deformation rate ( _ c _ e 0:001 s À1 ) stress growth functions of NC (in shear and elongation) increase with test time, t £ 300 s, not showing a tendency of reaching a steady state. The authors concluded that¯ow-induced internal structure is dierent in shear than in elongational. TEM observations indicated that in specimen elongated at _ e 1:0s À1 the MMT platelets aligned perpendicularly to the stretching direction, but at _ e 0:001 s À1 the platelet orientation was more random, with many plates aligned in the¯ow direction. In the later case, according to the authors a house of cards-like structure was created bȳ occulation, similar to that observed in low intensity shear¯ow.
In summary, the rheological studies in shear and elongation demonstrated that even at low clay loading NC¯ow is complicated: (1) at low deformation rates by a solid-like yield stress behavior, caused by a 3-D structure;
(2) at high strains the clay platelets get oriented, which causes the shear viscosity to decrease nearly to that of the matrix. The later eect is particularly evident in the steady-state¯ow. Both eects are stronger for the end-tethered than for free platelets systems, especially at higher clay loading.
In the studies on polyamide-based NCs the unstable nature of the polycondensation-type polymeric matrix must be of concern. The tests must clearly separate eects caused by the changes in the matrix from these brought about by the presence of nano-®ller. The present article summarizes results of the ®rst stage of the PNC rheological studies. Thus, the ®rst goal is to study the stability of the PA, PNC, and their mixture. The second goal is through systematic and quantitative studies of selected rheological functions to elucidate mutual in¯uence of the microstructure and¯ow. Furthermore, the limiting conditions for onset of complex behavior are of interest.
Experimental

Materials
Polyamide-6 (PA) and nanocomposite (PNC) that was based on it were obtained from Ube Intl. (commercial grades PA1015B and PA1015C2, respectively). Characteristics of these resins are published (Ube Industries 2000) . The PA has the same molecular weight as the PNC matrix resin. The latter was produced by the reactor exfoliation method with 2 wt% of organo-clay (equivalent to 1.6 wt% or 0.64 vol.% of MMT) (Okada et al. 1988; Deguchi et al. 1992; Okada and Usuki 1995) .
The rheological properties of the following seven samples were measured (see Table 1 ): PA and PNC as received and ®ve their mixtures compounded in a Werner-P¯eiderer twin-screw extruder (TSE) and re-pelletized: 1. PA, 2. PA with 25 wt% of PNC, 3. PA with 50 wt% of PNC, 4. PA with 75 wt% of PNC, and 5. PNC. Note that the two commercial resins were tested using``as received'' and re-extruded PA and PNC specimens.
Drying
Before the rheological tests the PA and PA-based materials have to be dried to a standard level. Thus, pelletized samples were dried under vacuum at 80°C for up to a week. The complex shear modulus at two frequencies vs drying time is shown in Fig. 1 . Calculations show that after 48 h drying the rheological signal is 0.4% below the ultimate level for t®I. Since a similar conclusion was reached using the weight loss method (Bureau 2001) , these rheological data do represent removal of volatiles, not a chemical modi®cation of PA-6.
Rheological tests
After drying (48 h at 80°C under vacuum) the pellets were directly loaded into a controlled strain rate rheometer (ARES from Rheometric Scienti®c). Parallel plates of 25 mm diameter were used for the dynamic tests at T 240°C. For the specimens temperature stabilization, 3 min soak time was allowed. The time, strain, and frequency sweeps were carried out under a blanket of dry nitrogen. The data were reproducible within 2%. To con®rm some results, tests were also carried out using the Rheometrics Mechanical Spectrometer, RMS.
Results
Time sweeps
Time sweeps were carried out for 1 h at frequency x 6.28 rad/s and strains c 10 and 40%. All seven 
The ®tting parameters and correlation coecient (r) are listed in Table 1 where the ®ve upper compositions were extruded prior to testing and the two at the bottom were tested``as received''. After testing the specimens did not show signs of oxidative reactions ± they remained owhite. Thus, the most likely reason for the increase of the shear moduli is polycondensation. Even after a 1-h test the rate show but a small decrease. As to be expected, the eect on G¢ is stronger than that on G¢¢.In 1hG¢ and G¢¢ values increased by up to 450 and 95%, respectively.
To observe the eect of organoclay content on the time-dependent variation of dynamic moduli the rates of change at t 0 and 1000 s were computed from Eq. (1) (see Fig. 3 ). Their compositional dependence was described using a polynomial:
Numerical values of Eq. (2) parameters and the correlation coecient, r, are listed in Table 2 .
Strain sweeps
The strain sweeps were conducted in the range c 0± 100% at T 240°C and x 6.28 rad/s for about t £ 600 s. At this relatively high frequency the compositions containing 100, 75, and 50% of PNC showed viscoelastic non-linearity at strains of c ³ 12±20%.
The strain eects on G¢ and G¢¢ were described using KBKZ-type non-linearity expression. As shown in Fig. 4 , the shear moduli are well approximated by
The parameters of Eq. (3) for G¢ and G¢¢ are listed in Table 3 , along with the measure of the non-linear least squares ®tting statistics (r standard deviation; r 2 correlation coecient squared; CD coecient of determination). In Fig. 5 the calculated constant strain (c 0 and 50%) values of G¢ and G¢¢ at x 6.28 rad/s are plotted vs PNC content. Evidently, for w £ 50 wt% the strain eects are quite small. Even for neat PNC at c 50% the reduction of G¢ and G¢¢ is only by, respectively, 15 and 7.5%. Frequency sweeps were conducted at T 240°C, strains c 10 and 40%, in two directions: x 0.1±100 and x 100±0.1 rad/s as well as x 10±0.1 rad/s. As an example, results for extruded PNC are shown in Fig. 6 . At 10% strain the data do not depend on the scan direction, but at c 40% most do.
At c 40% only for PA and the mixture containing 25 wt% PNC the moduli G¢ and G¢¢ are the same for the two scan directions. Thus, scanning by either increasing or decreasing frequency, or scanning in the same direction but starting from dierent frequency, produce dierent rheological response ± nearly twice as large for G¢ as for G¢¢. The dierences were found to increase linearly with organoclay content. Evidently the internal structure of PA-6 containing >0.5 wt% organoclay is easily modi®ed by strain and frequency, resulting in dierent rheological responses. These unexpected shear history eects were well reproduced by two instrument operators who used two rheometers and a variety of specimens. Note that the experimental error of the measurements is 2%.
To analyze the frequency dependence of G¢¢ the data at c 10% scanned in both directions and those at 40% scanned from 100 to 0.1 rad/s were used. The data (corrected for the time eects) were ®tted to the Krieger- (2), with parameters listed in Table 2 Fig . 4A , B Strain sweep of: A G¢; B G¢¢ at T 240°Ca n d x 6.28 rad/s for extruded PA/PNC mixtures ± points experimental, lines computed using non-linear least squares ®t to Eq. (3). The ®tting parameters are listed in Table 3 Daugherty type dependence, written for the dynamic ow as Utracki (1984):
Equation (4) was derived for linear viscoelastic, pseudoplastic systems and hence it is unable to describe the yield stress. For PA all data points follow Eq. (4), but for the other compositions only data at x > x c @ 1.4 0.2 rad/s may be used. The parameters of Eq. (4) are listed in Table 4 and plotted in Fig. 7 . The frequency dependence of the dynamic viscosity (g¢) is shown in Fig. 8 , along with the dependence given by Eq. (4). The most interesting observation is the deviation from the limiting linear viscoelastic behavior at a characteristic frequency, x c . The eect is associated with a change of the specimen structure. It is particularly strong for PNC content w ³ 50 wt%. As expected, the change is more evident at strain of 40% than of 10%.
Intrinsic viscosity and the aspect ratio
The zero-shear viscosities (g o ) from Table 4 can be plotted as relative viscosity (g r ) vs clay volume fraction (/). The data for the ®ve concentrations of PNC (see Fig. 9 ) show a typical trend for suspensions of anisometric particles. Considering the low clay concentration (/ £ 0.0064) the data were ®tted to the second-order, Einstein-type equation:
The least-squares ®t gives values for the intrinsic viscosity: [g] 105.5 22.5 and for the interaction constant k 0.52 0.058, with the measures of ®t r 0.0674 and r 2 0.9983. As was already predicted by Simha (1940) , the intrinsic viscosity depends on the aspect ratio, p (Utracki 1989) :
For disks (or platelets) the parameters in Eq. (6) are a 0.025 0.004, b 1.47 0.03, with r 0.6214 and r 2 0.9998. This dependence is shown in Fig. 10 , where the determined value of [g] yields a modest aspect ratio for the MMT, p 287 9; hence the maximum packing volume fraction of these clay platelets is / m,plate (3/2p)/ m,sphere @ 0.00324. Thus, theory predicts that up to a clay content of w m @ 1.01 wt% (or ca. 50% PNC in the mixture with PA) the platelets are able to rotate freely. To judge whether the calculated aspect ratio is realistic, the permeability data for PNC were used. Speci®cations for the PA and PNC resins list the moisture permeability as 203 and 106 g/(m 2 day), respectively (Ube Industries 2000). The relative permeability coecient (P r ) can be related to p through the tortuosity argument as P r 1 p/=2 À1 7
Substituting P r 0.522 and / 0.0064 into Eq. (7) gives p 286, well within the range of values computed from the dynamic viscosities.
Apparent yield stress
A deviation from the limiting linear viscoelastic behavior is observed (see Fig. 8 ) at low frequencies. The increasing value of G¢¢ as the frequency is reduced below x c 1.4 0.2 rad/s is related to the formation of a 3-D structure that leads to a yield stress. From the data in Fig. 8 one can extract the yield function de®ned as: Y º g¢ exp /g¢ lin G¢¢ exp /G¢¢ lin , from which the apparent yield stress can be calculated as: r y (x) (Y)1)G¢¢ lin . The plot of Y vs x is shown in Fig. 11 . Assuming a dynamic cluster formation of interacting particles in a multiphase system an expression for the dynamic yield stress was derived (Utracki 1989) :
where r o y is a measure of the interacting strength, s y is the relaxation time of the dynamic cluster, and the exponent u is a measure of the cluster polydispersity.
It was found that for the PA/PNC mixtures the yield stress r y r y (x) follows Eq .(8) with constant value of s y 0.59 0.03 s and u @ 1. The values of the interacting strength parameter, r o y , were found to increase linearly with PNC content. The solid-like structure formation starts at about 20 wt% PNC reaching the maximum value of r o y 23 Pa for the neat PNC. It is noteworthy that the onset of the yield stress takes place at the MMT concentration about 2.5 times lower than that calculated for the platelet maximum packing fraction. Thus, the 3-D structure formation in endtethered systems seems to be facilitated by the presence of macromolecules attached to the layered silicate surface.
Since at x < 1 rad/s G¢ is within the experimental error, its yield stress was not evaluated.
Frequency sweeps ± storage modulus
According to Doi and Edwards (1978) , a plot of log G¢ vs log G¢¢ for``well behaving'' liquids should follow a straight line with the slope of 2: ln G H 2 Á ln G HH ln6M =5qRT 9 Figure 12 show the log G¢/G¢¢ vs log G¢¢ dependence for all PA/PNC compositions, frequencies, and strains. Excepting a small dierence in values for PNC, the data for 10 and 40% strains superpose. The observed deviation from the expected linearity originates from the inter-particle interactions that more strongly aect the storage than the loss modulus. In simple words, addition of tethered clay particles to PA matrix results in higher values for the stored energy than expected from the second-order¯uid.
In Fig. 13 the data measured at c 10 and 40% are plotted as the stored energy parameter, w º G¢/x 2 vs x. The lines were computed by ®tting these data to Eq. (4) Fig. 6A , B Frequency scans for extruded PNC at 240°C: A at c 10% from 0.1 to 100 and from 100 to 0.1 rad/s (dierent specimens); B at c 40% from 100 to 0.1 and from 10 to 0.1 rad/s (dierent specimens) with values of the ®tting parameters listed in Table 4 . Evidently, w G¢/x 2 follows Eq. (4) rather well. However, the ®t was attempted only for higher frequencies, as for x £ 1 rad/s the values of G¢ are within experimental error. It is noteworthy that (as discussed for G¢¢) a 3-D structure was noted only at x < x crit ; thus G¢ is free from the eects associated with the yield stress.
The concentration dependence of the principal parameters of Eq. (4), g 0 and G g or w 0 and G w may be approximated by the second-order polynomial in semilogarithmic plot (see Fig. 7 ): log g o a 0 a 1 w a 2 w 2 10
Numerical values of the a i parameters and the measures of the goodness of ®t are listed in Table 5 . In these calculations the composition was expressed as wt% of PNC. Since in PNC there is 1.6 wt% clay, its in¯uence on the dynamic¯ow is remarkable. Addition of clay platelets has a stronger eect on w than on g¢. Thus, for PA the ratio g o /w o is about 300, whereas for PNC it is about 8. The concentration dependence of w o is about ®ve times stronger than that of g o . There is also signi®cant dierence in the powerlaw exponent behavior for g¢ and w ± for the former function n 0.84 0.07, whereas for the latter n is a decreasing function of the PNC content.
Theory
For the incompressible, linear viscoelastic liquid there is an interrelation between G¢ and G¢¢ through the relaxation spectrum, H(k):
Since these functions are valid in the whole range of the relaxation times, they are also valid within narrow ranges inside this interval, say from k tt o( t+D), when Eq. (11) can be written in terms of averages (for the interval) as:
The mean value theorem only requires that the integrals be continuous and the interval D small. Thus, one can expect that the proportionality between the two components of the dynamic function should be preserved in the full range of the relaxation time and frequency. For Maxwell¯uid Eq. (12) gives
where k is the main relaxation time. Thus, the simple Maxwell model represents the¯ow behavior for¯uids in which the ratio of parameters in Eq. (4) m 2 /m 1 2. As the data in Table 4 show, only for PA-6 and the 25% PNC mixture is this condition approximately observed ± for the other systems m 2 /m 1 @ 5.5; hence these systems are rheologically complex. 
Discussion
Dynamic melt¯ow at T 240°C of PA-6 and nanocomposite resins based on it was investigated. The specimens were well dried before testing. The tests under a blanket of dry nitrogen were accompanied by the time-dependent increase of PA-6 molecular weight that had to be taken into account. The PNCs belong to the category of end-tethered nanocomposites, reported to show a complex rheological behavior (Krishnamoorti and Giannelis 1997; Homann et al. 2000a Homann et al. , 2000b Ren et al. 2000; Solomon et al. 2001; Galgali et al. 2001) .
The rheological properties of polyamides are known to depend on the measurement time. For example, Khanna et al. (1996) reported that PA-6 viscosity increased during the melt¯ow measurements by a factor of 2±5. This reversible change is related to the variation of the moisture content and associated with changes of molecular weight, i.e., to polycondensation.
The time-dependence of the shear moduli was found independent of strain (c 10 or 40%) and slightly dependent on the direction of frequency change. The latter, secondary in magnitude eect, was observed during the frequency sweeps, where the rate of moduli increase was dierent for sweeps from 0.1 to 100 rad/s than that from 100 to 0.1 rad/s. The data were ®tted to a second-order polynomial with parameters listed in Table 1 . From these the rates of change for G¢ and G¢¢ at t 0 and t 1000 s were calculated. Fig. 7 Composition dependence of Eq. (4) parameters for PA/PNC mixtures at 240°C: A G¢¢ data at c 40%; B G¢ data at c 10 and 40%. The lines represent second order polynomial ®t with parameters listed in Table 5 Fig. 8 Frequency-dependent dynamic viscosity for PA/PNC mixtures at T 240°C and at strain: A c 10%; B c 40%. Points are experimental, lines computed from Eq. (4) with parameters listed in Table 4 As shown in Fig. 3 , the rates are positive, but increasing the organoclay content caused a decrease of dG¢¢/dt and increase of dG¢/dt. In other words, in respect to PA-6, addition of organoclay slows down the timeinduced increase of G¢¢, but it accelerates that of G¢.This dual eect may be caused by two parallel mechanisms that increase both G¢ and G¢¢: (1) polycondensation and (2) exfoliation. Evidently, addition of organoclay slows the polycondensation, most likely caused by the presence of residual low molecular weight amines (introduced during the intercalation and/or polymerization steps). There is also another mechanism possible, but before discussing it a PNC structure should be considered.
Composition and properties of natural montmorillonite vary with geographical location and local strata. However, an idealized Na-MMT unit cell can be written as Thus, the molecular weight of unit cell is M u 734+water and the cation exchange capacity of idealized MMT is CEC 0.915 meq/g, with Na + spaced ca. 1.2 nm apart. Postulated mechanism for PNC preparation is Na + exchange for onium ion (12-aminolauric acid) that leads to end-tethering the PA-6 chains. Since the molecular weight of PA-6 is M n 22 kg/mol, the resulting clay content of the fully grafted``hairy clay plates'' (HCP) should be 4.74 wt%. Since the clay platelets are 0.96 nm thick and their aspect ratio is p 287, each plate has about 140,000 end-tethered macromolecules, i.e., M n @ 3´10 6 kg/mol of a single HCP. Thus, polycondensation that involves every Na + on the Na-MMT surface results in formation of an entity that resembles a starbranched macromolecule of a very high molecular weight. Near the clay surface the macromolecules are crowded and forced to stretch out. Since PNC used in this work has 1.6 wt% of clay, it would comprise 34% HCP and 66% free PA-6 macromolecules.
The above calculations assumed that every clay plate and every cation on its surface is available for the reaction. This may not be correct, considering that initially there are hundreds of platelets in each tightly packed stack. The intercalation, polymerization, and post-polymerization shearing usually reduce the size of the stack to few platelets, which on average may have fewer tethered macromolecules. Furthermore, during the rheological tests the short stacks may progressively exfoliate, the free HCPs having fewer end-tethered chains. For the sake of argument, let us assume that in PNC only every third Na + ion is replaced by endtethered macromolecule; hence there are no free PA molecules present.
In the absence of oxygen and moisture, molten PA is in the state of dynamic chemical equilibrium, where two macromolecules react, freeing one molecule of H 2 O, which then attacks the PA chain at random. In the case of PA-6, each free macromolecule has one )NH 2 and one )COOH group at the chain ends. This evidently is not the case for the end-tethered ones ± for them only the ±COOH group is available. When PA is mixed with PNC the chemical randomization process is non-symmetric ± fewer bonds can be broken in the macromolecule attached to the clay platelet than in the one that is not attached. Since polycondensation polymers are polydispersed, one would expect the free chains to have lower molecular weight. As a result, addition of PNC should, as observed, accelerate the increase of dG¢/dt and decrease that of dG¢¢/dt. This description of PNC structure also concords with the observation that ratio of energy stored-to-dissipated changes from G¢/G¢¢ @ 0.01 (for PA and 25% PNC) to about 0.1 for PNC (see Fig. 12 ). In short, addition of HCP causes a more rapid increase of the stored than dissipated energy, increasing the G¢/G¢¢ ratio.
As shown in Fig. 8 , the clay-containing resins have bi-modal relaxation time dependence, separated by the critical frequency x c @ 1.40.2 rad/s. Considering that the period of a platelet rotation is given by t rotation 2pp 1=p= _ c it is evident that presence of the critical frequency is not related to clay platelets, but rather to a PA-6 network.
At x>x c the¯ow may be represented by Eq. (4), derived for pseudoplastic systems. However, within this frequency region again one should consider separately the moderate and the high frequency domains. At the moderate frequencies there are strong clay concentration eects on g o , w o ,G g , and G w (see Fig. 7 ). For example, the characteristic stress parameter of Eq. (4) are G g 71, 25, 6.7, 3.6, and 2.9 for, respectively, PA, 25%, 50%, 75%, and 100% PNC. A similar tendency is observed for G w , whereas g o and w o increase with PNC concentration. However, at the highest frequencies thē ow of all compositions follows the power-law dependence with the same exponent: n 0.84 0.07 ± evidently here the¯ow is controlled by PA matrix.
The frequency sweeps were carried out at two strain levels, c 10 and 40% within the frequency range, x 0.1±100 rad/s. Depending on the strain and frequency, linear and nonlinear rheological behavior was observed. PA-6 resin showed linear viscoelastic behavior in the full range of frequency at both levels of strain. The mixtures of PA with PNC at strain c 10% showed Fig. 13 Stored energy parameter, w G¢/x 2 , vs frequency, x,forPA/ PNC mixtures at T 240°C. Open and solid symbols represent data at 10 and 40% strain, respectively. The lines were computed from Eq. (4). Fitting parameters are listed in Table 4 Table 5 For all samples, the strain dependence of the storage and loss moduli follows the KBKZ-type dependence, decreasing with strain. However, the reduction is relatively modest, e.g., for PNC (at x 6.28 rad/s and c 50%) G¢¢ and G¢ decreased, respectively, by 7.5% and 15%.
Two types of¯ow non-linearity were observed: 1. At low frequency, x £ x c 1.4 0.2 rad/s, there was evidence of an apparent yield stress in samples containing w ³ 1 wt% of organoclay. This transient, solid-like behavior has been associated with existence of a 3-D structure. Analysis of the dynamic yield stress indicates that its magnitude varies linearly with clay concentration, while the cluster relaxation time remains constant, s y 0.59 0.03 s. Extrapolation of the observed data makes it possible to estimate that the onset of the 3-D structure should take place for PA-6 mixtures with ca. 20 wt% PNC, i.e., for nanocomposite containing 0.4 wt% of organoclay. Formation of these 3-D structures is critically sensitive to the frequency ± independently of the clay content they seem to break at x > x c 1.4 0.2 rad/s. 2. At x > x c the 3-D structure is apparently broken, but the melt is far from homogenous. Within this frequency region the magnitude of the shear moduli depends not only on strain and frequency but also on the history of deformation. Thus, at strain c 10%, the¯ow curves were independent of the direction of the frequency scan and they followed a Krieger-Daugherty type of dependence. However, at c 40% the samples containing w > 25 wt% of PNC showed dierent values of the shear moduli depending on the initial frequency and/or the direction of the frequency scan. There are two possible mechanisms that may explain the behavior: (1) higher orientation of clay platelets at higher frequency, and (2) reduction of interparticle interactions. Within the power-law¯ow region the power exponent is constant and the¯ow depends mainly on the matrix; hence here the giant HCPs are expected to be fully oriented in the¯ow direction. This postulate is in agreement with observation that the critical rate of shear for platelets orientation in PEG solution _ c critical 30 1=s (Schmidt et al. 2000) as well as the conclusions drawn by Ren et al. (2000) that large-amplitude oscillations are able to orient clay structures and increase the liquidlike NC behavior.
It may be concluded that at relatively low loading of the end-tethered clay platelets, say above 20 wt% PNC, the HCP form interacting aggregates. Suspensions of these anisometric, grafted particles may undergo gelation and network formation at x < x c . These structures are broken at x > x c and initially the melt¯ows as a pseudoplastic suspension with unoriented HCP. However, at the higher still frequencies, the platelets become oriented and the¯ow starts to be dominated by the matrix. It is the orientational eect that causes the rheological response to vary not only with the imposed variables, but also with the strain history ± once the orientation is imposed by higher strain and frequency, its randomization take time. When the frequency (at given strain) is reduced, the platelets orientation randomizes and the values of G¢ and G¢¢ tend toward a stable value ±the PNC melt behaves like a classical suspension.
Applying the Krieger-Daugherty equation to this region one is able to determine g o , then [g], from which the aspect ratio of the exfoliated clay platelets can be calculated. The value of the latter, p 287 9, agrees well with that computed from the permeability data. For freely rotating disks, the ratio of encompassed to the actual volume is 2p/3, and the maximum packing volume of individual, free rotating platelets is / m;plate 3=2p/ m;sphere 0:00324 1:01 wt%. These calculations do not take into account the presence of the end-tethered PA-6 chains; hence one must expect that in the PA/PNC mixtures the hydrodynamic interactions will occur at lower concentration. Indeed, there is evidence of interparticle interactions already for 50 wt% PNC, i.e., for a mixture containing 0.8 wt% of clay. However, the free rotation of platelets takes place in 25 PNC sample, containing 0.4 wt% of clay.
Conclusions
1. At constant T, c, and x the time sweeps resulted in signi®cant increases of the shear moduli, G¢ and G¢¢, caused by a progressive polycondensation of PA-6 and possibly in exfoliation of organoclay. The rate dG¢¢/dt decreased with organoclay content, whereas dG¢/dt increased. 2. At c 10% and at x>1 rad/s all samples showed linear viscoelastic behavior, but at c 40% only PA and 25 PNC samples. 3. Compositions containing ³50% PNC exhibited two types of viscoelastic non-linearity. At low frequencies,
x £ x c 1.40.2 rad/s, a yield stress provided evidence of a 3-D structure. At higher frequencies, x>x c , G¢ and G¢¢ were sensitive to shear history, e.g., starting at higher strain or frequency resulted in lower values of G¢ and G¢¢ ± the eect was reversible. Such a transient non-linearity is consistent with strain and frequency dependent orientation of anisometric clay particles.
4. At high frequency the dynamic viscosity, g¢ G¢¢/x, showed a constant power-law exponent for all (but PA-6) samples, n 0.84 0.07, indicating matrix disentanglement related mechanism of¯ow. 5. From the zero-shear viscosity (g o ) vs volume fraction of solids (/) plot the aspect ratio p (diameter/ thickness) @ 287 9 of the dispersed clay particles was calculated, in agreement with value computed from relative permeability, p 286. 6. Calculated number of end-tethered, spaced about 1.2 nm apart, PA-6 macromolecules to a single clay platelet is ca. 140,000. Owing to the trans-reaction between these hairy clay platelets and PA-6 the molecular weight of the end-tethered macromolecules increases. This is consistent with the dierent eect PNC has on dG¢/dt and dG¢¢/dt (see 1, above). It also provides explanation as to why addition of / 0.0064 of clay to PA-6 resulted in doubling g o and increasing of w o by a factor of 160.
